Liquid cells are hermetically sealed capsules that make it possible to image through liquids at the nanoscale using Transmission Electron Microscopes (TEM). Liquid cells can be passive vessels or integrate electrodes up to now for electrodeposition experiments. Temperature is a key parameter for chemical kinetics of processes. This paper describes a temperature controlled liquid cell for in-situ TEM studies. The liquid cell integrates a resistive element for both heating and sensing temperature. A capacitively coupled heat feedback technique is implemented to control the temperature of the liquid cell from room temperature to 100°C with accuracy 0.1°C. In-situ TEM experiment illustrate the heating capability of such temperature controlled liquid cell while observing at the nanoscale.
Introduction
The physical and chemical properties of matter are intimately related to its structure. Highly driven by nanotechnologies, the study of natural, biological or synthetic material at the nanoscale is a current topic common to a variety of fields including biology, chemistry, medicine and materials science. In their conventional usage, tools such as X-ray diffractometer, Transmission Electron Microscopes (TEM) and Atomic Force Microscopes, enable a static observation of matter at the nanoscale. Among those tools, TEM exhibits the most versatility as an extension of optical microscope at a lower scale and has become standard analytical tool. Yet, the conventional usage does not authorize the study of liquid samples and consequently the access to fundamental process dynamics.
With the development of microfabrication technologies, a dedicated usage for liquid samples, proposed in the 1930's [1, 2] , has become possible with a new class of devices referred to as liquid Page 1 of 9 AUTHOR SUBMITTED MANUSCRIPT -MST-107768. R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t cells. Those devices enrich TEM with the capability to achieve real-time observation of nanometerscale dynamic phenomena within fluid media, such observation of liquid samples provides unique insights into life and materials science. Commercial solutions exist based on dedicated perfused holders with silicon microfabricated lids and O-rings assembled at the tip. Those perfused holders usually integrate 3 or 4 electrodes for liquid biasing or heating. The interest in these commercial tools is particularly driven by electrochemical studies [3] in the field of batteries. Alternative solution to the micro-lid type liquid cell associated to a perfused holder is the stand-alone liquid cell type.
Stand-alone liquid cells are capsules or vessels containing the liquid sample and sealed hermetically to prevent evaporation in the high vacuum environment of the TEM. The observation with the electron beam of the TEM is achieved through membranes thin enough to reduce electron scattering and enable high resolution [4, 5] . The thin membranes are usually made out of silicon nitride, even if some development work is being conducted using graphene sheets [6, 7] . The most common process This work focuses on the achievement of temperature control of the liquid sample in a liquid cell.
Some previous work has investigated the temperature effect in similar devices but dedicated to gas study using a micro-machined heater with estimated uncertainty of 10% on temperature [11] . This work proposes a specific design approach dedicated to cells containing liquids associated with a previously proposed heat-feedback technique [12] enabling accurate temperature control at the location of the sample observation. The design can be adapted to various holders as long as they have electrical contacts.
Temperature controlled liquid cell

Design
The device, as with conventional liquid cells, comprises two silicon chips with thin electron transparent silicon nitride membranes forming the observation chamber. The bottom chip with the As a rule of thumb, the higher the thermal insulation is, the less the power required for heating is. The thermal insulation is mainly related to the diameter of the self-sustained membrane and to its thickness. Practical process fabrication considerations enabling high good-die yield fix a membrane The required heating power to ensure temperature variations of up to 100°C can then be derived and yields a maximum Joule power of 10 mW. This required power and the voltage limitation to prevent hydrolysis fix the maximum value for the resistance of the resistive element to about 100 .
Taking into account the resistivity of thin metallic layer deposited, the length and thickness of the resistive element designed to achieve resistance values below 100 , in practice 100 nm thick 6 µm wide metal tracks. A 4-wire resistive element is designed to suppress the effect of contact resistance and conductive paths. The measured resistance then corresponds only to the central circular resistance.
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Temperature control
The role of the temperature control is to enable the setting of a defined temperature at the location of the observation window independently of the device used and of the liquid filling the liquid cell.
A single resistive element is used for both temperature sensing through resistance variation measurement and heating with Joule power. The possibility to produce heat at the very same location of the temperature measurement with a single element, contrary to systems with separated heater and thermometer [18] favors a compact and simpler design and reduces the number of required pads.
The temperature control of this single resistive element is obtained with a heat feedback technique previously applied to infrared detectors [12] and gas sensors [14] ; the capacitively coupled heat feedback technique. A detailed description of the digital version of the capacitively coupled electrical substitution technique can be found in [13] . The main principles and characteristics are summarized hereafter.
In this technique, the electrical bias point for temperature measurement and the Joule power signal for heating are separated in different frequency domains. The electrical bias point and consequently the temperature measure is at low frequency while the Joule power feedback signal is at high frequencies (several MegaHertz). This configuration allows independent configuration for the temperature measurement resolution and for the heating range. controller. A digital version, with a PWM (Pulsed Width Modulation) modulated output, of the capacitively coupled heat feedback technique is implemented to benefit from its intrinsic linearity that eases the PI controlled design [13] . The feedback PWM modulated signal is transposed at higher frequency with a carrier Vo at 3 MHz. The temperature setting for the desired working point is given to the controlled and the closed-loop system ensures that the desired temperature is reached. For the first practical implementation, a NI6251 acquisition board is used for the digital-to-analog, analog-todigital and PWM functionalities. The PI controller is programmed in a Labview interface associated to the NI6215 acquisition board. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t temperature setting over 92°C. The fragments have densified and present in rounded shapes. The temperature step lasts 15 minutes long but the shape evolution is observable right after the temperature increase (more precisely the shape evolution is observable after the re-focusing time of about 10 s required after the temperature increase). Considering the glass transition temperature of PMMA polymer ranges from 85°C to 165°C, the observed densification and rounding could be related to such a phase transition phenomenon. The pictures are taken in Z-contrast mode, also called dark-field mode.
In this mode, the image is formed by scattered electrons collected by an annular detector and the contrast is directly related to the atomic number of the atoms being observed. Some small air bubbles, dark spots in the image, can appear during temperature experiments. Some are visible at the left-top side of Figure 9 (b). 
Discussion
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Conclusion
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